NOAA Technical Report NWS 34

Mean Monthly, Seasonal,
and Annual Pan
Evaporation for the
United States

Washington, D.C.
December 1982

U.S. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration
National Weather Service



NOAA TECHNICAL REPORTS
National Weather Service Series

The National Weather Service (NWS) observes and measures atmospheric phenomena; develops and distrib-
utes forecasts of weather conditions and warnings of adverse weather; collects and disseminates weather
information to meet the needs of the public and specialized users. The NWS develops the national
meteorological service system and improves procedures, techniques, and dissemination for weather and
hydrologic measurements, and forecasts.

NWS series of NOAA Technical Reports is a continuation of the former series, ESSA Technical Report
Weather Bureau (WB).

Reports listed below are available from the National Technical Information Service, U.S. Depart-
ment of Commerce, Sills Bldg., 5285 Port Royal Road, Springfield, Va. 22161. Prices vary. Order by
accession number (given in parentheses).

ESSA Technical Reports

WB 1 Monthly Mean 100-, 50—, 30-, and 10-Millibar Charts January 1964 through December 1965 of the
IQSY Period. Staff, Upper Air Branch, National Meteorological Center, February 1967, 7 p,
96 charts. (AD 651 101)

WB 2 Weekly Synoptic Analyses, 5-, 2-, and 0.4-Mb Surfaces for 1964 (based on observations of the
Meteorological Rocket Network during the IQSY). Staff, Upper Air Branch, National Meteorologi-
cal Center, April 1967, 16 p, 160 charts., (AD 652 696)

WB 3 Weekly Synoptic Analyses, 5=, 2-, and 0.4-Mb Surfaces for 1965 (based on observations of the
Meteorological Rocket Network during the IQSY). Staff, Upper Air Branch, National Meteorologi-
cal Center, August 1967, 173 p. (AD 662 053)

WB 4 The March-May 1965 Floods in the Upper Mississippi, Missouri, and Red River of the North Basins.
J. L. H. Paulhus and E. R. Nelson, Office of Hydrology, August 1967, 100 p.

WB 5 Climatological Probabilities of Precipitation for the Conterminous United States. Donald L.
Jorgensen, Techniques Development Laboratory, December 1967, 60 p.

WB 6 Climatology of Atlantic Tropical Storms and Hurricanes. M. A. Alaka, Techniques Development
Laboratory, May 1968, 18 p.

WB 7 Frequency and Areal Distributions of Tropical Storm Rainfall in the United States Coastal Region
on the Gulf of Mexico. Hugo V. Goodyear, Office of Hydrology, July 1968, 33 p.

WB 8 Critical Fire Weather Patterns in the Conterminous United States. Mark J. Schroeder, Weather
Bureau, Januvary 1969, 31 p.

WB 9 Weekly Synoptic Analyses, 5-, 2—, and 0.4-Mb Surfaces for 1966 (based on meteorological rocket-
sonde and high-level rawinsonde observations). Staff, Upper Air Branch, National Meteorological
Center, January 1969, 169 p.

WB 10 Hemispheric Teleconnections of Mean Circulation Anomalies at 700 Millibars. James F., O0'Connor,
National Meteorological Center, February 1969, 103 p.

WB 11 Monthly Mean 100-, 50-, 30-, and 10-Millibar Charts and Standard Deviation Maps, 1966-1967.
Staff, Upper Air Branch, National Meteorological Center,:-April 1969, 124 p.

WB 12 Weekly Synoptic Analyses, 5-, 2-, and 0.4-Millibar Surfaces for 1967. Staff, Upper Air Branch,
National Meteorological Center, January 1970, 169 p.

NOAA Technical Reports

NWS 13 The March-April 1969 Snowmelt Floods in the Red River of the North, Upper Mississippi, and Mis-
souri Basins. Joseph L. H. Paulhus, Office of Hydrology, October 1970, 92 p. (COM-71-50269)

NWS 14 Weekly Synoptic Analyses, 5-, 2-, and 0.4-Millibar Surfaces for 1968. Staff, Upper Air Branch,
National Meteorological Center, May 1971, 169 p. (COM-71-50383)

NWS 15 Some Climatological Characteristics of Hurricanes and Tropical Storms, Gulf and East Coasts of
the United States. Francis P. Ho, Richard W. Schwerdt, and Hugo V. Goodyear, May 1975, 87 p.
(COM~75-11088)

(Continued on inside back cover)



NOAA Technical Report NWS 34

Mean Monthly, Seasonal,
and Annual Pan
Evaporation for the
United States

Richard K. Farnsworth
and
Edwin S. Thompson

Office of Hydrology
National Weather Service
Washington, D.C.
December 1982

U.S. DEPARTMENT OF COMMERCE

Malcolm Baldrige, Secretary

National Oceanic and Atmospheric Administration
John V. Byrne, Administrator

National Weather Service
Richard E. Hallgren, Acting Assistant Administrator



CONTENTS

INTRODUCTION..-ro.oo0'.lo.-n.o.......oooou'.ooo.oa00..00.00......0-000l0000001

MEAN MONTHLY, SEASONAL, AND ANNUAL CLASS A PAN EVAPORATION
COMPILA.TION (TABLE I).....O..Ol...ll............ll..l..'OO..00.‘....“.‘....‘.7

MEAN MONTHLY, SEASONAL, AND ANNUAL PAN EVAPORATION COMPUTED
BY METEOROLOGICAL FACTORS (TA-BLE II)..DJ......'...'.‘.........I.’.I‘.....‘...62

ACKNOWLEDGMENTSQ.Oooo.oo.ooo.a.oo.outuonoc..noo.-.oi..000'00000000000-00000’082

REFERENCES....o...'o.n‘o.ooooo..l.!o..00..ool..uooooooluoltt050000000.00.000082

APPENDIX Ao.o-nlo.oooooo.oo.o.ooonov.ooo...ool-o'alo.00.t...oo..ooloo.oooo.tA-l

3.

Al,

Al.

A2.

FIGURES
Distribution of Class A pan stations reporting observed
evaporation only"'l..‘.I...‘..........ll'..OO......'.l..'..l....'.......4

Distribution of Class A pan stations reporting observed
evaporation and maximum and minimum water temperatuUreecssssccessscsccsses)d

Distribution of weather stations at which evaporation can
be estimated by the Penman equation.................-....................6

Monthly distribution at Vaughn, New Mexico based on
evaporation distribution at Alamogordo Dam and Santa Fe..eseececessssesd-3

TABLES

Monthly fractions of annual and seasonal evaporation at
Alamogordo Dam and Santa Fe...........'.......I...Q..l..ll.Dl'l‘.......A_z

Monthly potential evaporation (FWS), in inches, at Vaughn,

NeW Mexico-.o'lblooo’..oaoooooo.ono..oDol-))00.....oooo..oc.oouolib.oooA_z

iii



MEAN MONTHLY, SEASONAL, AND ANNUAL
PAN EVAPORATION FOR THE UNITED STATES

Richard K. Farnsworth
and
Edwin S. Thompson
Hydrologic Research Laboratory
National Weather Service, NOAA
Silver Spring, Maryland

INTRODUCTION

This publication is a compilation of monthly, seasonal, and annual averages of
estimated pan evaporation based on observations from Class A pans and on meteoro-
logical measurements by the National Weather Service (NWS) and cooperating
agencies. It replaces Technical Paper No. 13 (U.S. Weather Bureau, Hydrologic
Branch, Division of Climatological and Hydrologic Services, 1950). These
tabulations were generated from the augmentation of a smaller data set used to
develop evaporation maps published in NOAA Technical Report NWS-33, Evaporation
Atlas for the Contiguous 48 United States, (Farnsworth et al., 1982). This
report and its companion report, the evaporation atlas, should facilitate the
determination of monthly values of evaporation at most points in the country.

The data set used for the evaporation atlas included, at most, 15 years of data
record. To obtain the tabulations contained in this report, the data set was
enlarged to include the available period of record (through January 1981 for
currently active stations). Therefore, while this report was produced at the
same time as the evaporation atlas, there are some significant differences in the
data used. The data sets used to produce the maps in the evaporation atlas were
selected and, in some cases, adjusted to fit a common base period of 1956-70.

For this report, the total period of record rather than a common time base was
chosen for the record of observed pan evaporation., This avoids possible errors
which might result from adjustments made to fit the common time base. Inclusion
of the additional data periods of observed pan records required only tabulation
from published records. However, the estimation of "pan" evaporation based on
meteorological measurements requires many computations, and so only estimates for
years for which the data were already prepared for computer processing (1956-70)
for the atlas were included in this report. For the same reason, coefficients of
variation of the monthly, seasonal, and annual values of the pan data were
computed only for the 1956-70 base except for stations in the state of California
which were available on magnetic tape for their full periods of record.

Evaporation means are included for only those stations that have at least 1 month
with a period of record of 10 years or more prior to January 1981. Evaporation
means for months with less than 5 years of record are omitted., Those means for
months with between 5 and 10 years of record are shown to the nearest inch. This
format should remind the user that these data cannot be treated with the same
confidence as those means with 10 years or more of record which are shown to the
nearest 0.0l inch. Actually, the latter should not be interpreted to an accuracy
greater than 0,1 inches. However, the additional decimal place was retained to
conform with published records.



Months with fewer than 20 observations were excluded from the analysis. This
occurred mainly where observations were not taken on weekends, observers went on
vacation, or temperatures were near or below freezing.

The data are presented in two tables., Table I lists averages based on observed
Class A pan data, and table II lists average "pan” evaporation based on estimates
of monthly evaporation derived from hydrometeorological measurements using a form
of the Penman equation described by Kohler et al. (1955). Individual stations
listed in the tables are ordered alphabetically within thelr appropriate
states. The states are also listed alphabetically.

Table I data are generated primarily from data published in the series,
Climatological Data of the United States (NOAA-EDIS). Details on site operation,
including the name of the individual or agency operating the station, can be
found in the annual summaries. Measurements obtained using non-standard pans,
installations, or methods are difficult to compare with those obtained using the
standard pans and, therefore, have more limited use. Only stations using
standard Class A pans, with a standard installation, and assumed to be following
standard procedures are included in table I. The standard Class A pans are
unpainted, constructed of monel or galvanized metal, 47.5 inches in diameter,

10 inches deep, and mounted on a platform which raises the pan base a few inches
above the surrounding ground. The installation of the pan and the measurement
procedures are described in the NWS Observing Manual No, 2-—Substation Observa-
tions (NOAA-NWS 1972). Approximate locations of the pans are shown in figures 1
and 2. Figure 1 shows those stations which observe only the evaporation from the
pan while figure 2 shows stations measuring, in addition to evaporation, the
temperature of the water in the pan and the total wind movement over the pan.

The values in table II are estimates based on hydrometeorological data for
stations, most of which are published in the series Local Climatological Data
(NOAA-EDIS). Detalls regarding individual stations are found in this publica-
tion, especially the issues which present annual summaries. As Iindicated previ-
ously, these data are averages of estimates of monthly Class A "pan" evaporation
derived from hydrometeorological measurements. These measurements were taken at
the stations of the NWS basic and synoptic network (NOAA-NWS 1979) which had at
least 1 month with 10 years of record during the evaporation atlas base period,
1956-70. The locations of these stations are identified in figure 3. The obser-
vations required for the evaporation estimates were mean alr temperature, mean
dew point, the total wind movement 2 feet above the ground surface, and an esti-
mate of incoming solar radiation. Daily wind movement was generally estimated
from available wind speeds observed every six hours at the station anemometer
height (often around 20 feet). This estimated wind movement was then adjusted,
using a logarithmic relationship, to obtain an equivalent wind movement at
2 feet. Solar radiation was either measured directly (at those stations equipped
with pyranometers), estimated from hours of sunshine (at stations equipped with
sunshine recorders) (Hamon et al., 1954), or estimated from cloud cover (at the
remainder of the stations) (Thompson, 1976).

The monthly mean estimated pan evaporation was computed for each month using
eq. 1 of NOAA Technical Report NWS-33. A period-of-record average for each month
of the year was formed by taking the average of all the values for a given month
included in the period of record. The individual monthly sums were formed by
multiplying the daily average by the number of days in the month. The data used
to estimate each daily mean consisted of the mean daily air and dewpoint
temperature and mean daily accumulations of solar radiation (sometimes estimated
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from sky cover) and wind travel for the month. Determination of means in this
way, using mean values of the input data rather than computing daily estimates of
pan evaporation and then computing the average, was based on the experience of
Kohler and others (Kohler et al., 1955) who stated that "experience has shown
that only minor errors result when monthly evaporation (i.e., mean daily values
for the month) is computed from monthly averages of the daily values of T _, Tq»
W and U_ (air temperature, dewpoint temperature, solar radiation, and da?ly pan
w?nd traBel)."

It should be noted that the annual means are computed as the sum of the indi-
vidual monthly means. This causes some bias toward higher evaporation because
the record is often not complete during months when temperatures are near or
below freezing. For example, during a year when a spring month is colder than
normal, observations are missed more often than usual because water in pans is
frozen or the pan has to be taken out of service. In these situations, the data
that are available for these months for computing an average represent intervals
of milder temperatures and higher evaporation. When these months of partial
record are summed into the annual or seasonal mean, they tend to blas the annual
or seasonal value high. At stations located at high elevations, only the summer
months are free from this problem. Our solution to this problem has been simply
to note the number of years of record available for each month for each station
and to caution users so that they may make subjective corrections appropriate at
that location based on their familiarity with the climate.

All of the evaporation values in these tables represent estimates of expected
evaporation occurring from a Class A pan. It has been found that evaporation
from a shallow lake, wet soll, or other molst natural surfaces is roughly
70 percent of the evaporation from a Class A pan for the same meteorological
conditions. The evaporation from shallow lakes and moist solls is generally
classified by one of the following equivalent names: free water surface evapo-
ration (FWS), lake evaporation (EL), or potential evapotranspiration (PE). An
estimate of FWS which is more accurate than that given by multiplying the pan
value by 0.70, is obtained by multiplying the pan amount by the appropriate
coefficient from map 4 of the evaporation atlas described earlier. Still greater
accuracy can be achleved when the pan at which the evaporation data were observed
also has concurrent records of pan water temperature and pan wind movement. Then
FWS evaporation can be computed by methods described by Kohler et al. (1955).

One purpose of this report is to present, in convenient form, monthly means of
pan evaporation for those stations having sufficiently long records to establish
stable normal values. An important use for these records 1s in extrapolating to
locations where monthly estimates of evaporation are required but no measurements
have been taken. Annual and seasonal (May through October) evaporation can be
estimated from the maps in the evaporation atlas. The pan data in these tables
can be converted to free water surface (FWS) evaporation using map 4 of the
evaporation atlas. Determination of monthly values from the annual or seasonal
values is done by (l) determining the ratio of the monthly to annual evaporation
for an appropriate station having data in these tables, and (2) multiplying this
ratio by the value obtained from the map. For an example, see appendix A.
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APPENDIX A

Example of Estimating Monthly Data for a Location with no Observed Data

In this example, steps for prorating data will be illustrated with some of the
problems caused by incomplete records. The basic steps are the following:

1.

4-

Determine annual (or seasonal) values for potential (FWS) evaporation from
the maps in the NOAA Technical Report NWS 33, Evaporation Atlas for the
Contiguous 48 United States.

Locate appropriate stations which have data in the tables of this report.

Determine monthly fractions of annual (or seasonal) evaporation for the
stations in the table by dividing the evaporation value for each month by
the annual (or seasonal) value.

Multiply the monthly fractions just determined by the annual (or seasonal)
value for the location of interest (as determined in step 1).

Suppose monthly mean potential evaporation is desired for Vaughn, New Mexico.
Vaughn is located in the southwest corner of Guadelupe County.

1.

3.

From map 3 in the NOAA Technical Report NWS 33, Evaporation Atlas for the
Contiguous 48 United States, the annual free water surface evaporation is
found to be between the 55 and 60 inch isopleths. A linear interpolation
would give approximately 58 inches. From map 2 the May-October evaporation
is 41 inches.

The nearest stations to Vaughn having data in the table are Alamogordo Dam
and Estancia. The elevation of Alamogordo Dam is between 4,000 and 4,500
feet. Vaughn is near 6,000 feet, and Estancia is 6,100 feet. There are
only low hills between Estancia and Vaughn. Based on elevation and relief,
Estancia would be the logical selection to prorate monthly values. How-
ever, because of the high elevation and limited period of record, Estancia
has data only for the months from May to September. Because no annual (or
May to October) value is listed, we cannot determine the required ratios.
Santa Fe, found further north, is slightly higher and has some data for

all the months of the year. It should be noted that Estancia has about

12 years of record in the tables and Santa Fe has up to 36 years in the
summer and 17 years in the winter. Again, caution must be used in applying
these data. It seems reasonable that those years when Santa Fe does have
data in the winter are probably the milder years, and when the station
lacks data it is likely that the weather was too cold and pans were frozen
over during most of the winter period. If such is the case, then a true
mean would be less than that indicated by the 17 years of available data.

To better illustrate the distribution of evaporation in this area, ratios
of monthly to annual evaporation were computed for both Santa Fe and
Alamogordo Dam and are shown in table Al.
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4. Table A2 shows the monthly FWS evaporation at Vaughn resulting from
multiplying the annual FWS from Atlas map 3 by monthly fractions based on
the distributions at Alamogordo Dam and Santa Fe.

The evaporation estimates from table A2 are plotted in figure Al.

Monthly Evaporation
based on
* Santa Fe Annual
X Santa Fe May~October
10— + Alamogordo Dam Annual
— Alamogordo Dam May~—October

0
.,

X

f,

MONTHLY EVAPORATION (inches)

1 ] [ ] . 1

L 1

1 1 {
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure Al. Monthly distribution at Vaughn, New Mexico based on evaporation
distribution at Alamogordo Dam and Santa Fe.

The annual values are connected by lines. It is readily apparent that stations

at higher elevations tend to have lower evaporation during the winter months and

a higher fraction of the annual evaporation during the summer than do the stations
at a lower elevation. Also apparent is a closer agreement of estimates based only
on May-October ratios. Since Vaughn is only a little lower than Santa Fe and
significantly higher than Alamogordo Dam, a reasonable decision would be to accept
either the value estimated from Santa Fe or to take values from the graph between
the values for the two sites but very near those for Santa Fe.
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NOAA SCIENTIFIC AND TECHNICAL PUBLICATIONS

The National Oceanic and Atmospheric Administration was established as part of the Department of
Commerce on October 3, 1970. The mission responsibilities of NOAA are to assess the socioeconomic impact
of natural and technological changes in the environment and to monitor and predict the state of the solid Earth,
the oceans and their living resources, the atmosphere, and the space environment of the Earth.

The major components of NOAA regularly produce various types of scientific and technical informa-

tion in the following kinds of publications:

PROFESSIONAL PAPERS — Important definitive
research results, major techniques, and special inves-
tigations.

CONTRACT AND GRANT REPORTS — Reports
prepared by contractors or grantees under NOAA
sponsorship.

ATLAS — Presentation of analyzed data generally
in the form of maps showing distribution of rainfall,
chemical and physical conditions of oceans and at-
mosphere, distribution of fishes and marine mam-
mals, ionospheric conditions, etc.

TECHNICAL SERVICE PUBLICATIONS — Re-
ports containing data, observations, instructions, etc.
A partial listing includes data serials; prediction and
outlook periodicals; technical manuals, training pa-
pers, planning reports, and information serials; and
miscellaneous technical publications.

TECHNICAL REPORTS — Journal quality with
extensive details, mathematical developments, or data
listings.

TECHNICAL MEMORANDUMS — Reports  of

preliminary, partial, or negative research or technol-
ogy results, interim instructions, and the like.
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Information on availability of NOAA publications can be obtained from:

PUBLICATION SERVICES BRANCH (E/AIl13)
NATIONAL ENVIRONMENTAL SATELLITE, DATA, AND INFORMATION SERVICE
NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
U.S. DEPARTMENT OF COMMERCE

Rockville, MD 20852
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